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INTRODUCTION:

Cancer vaccines seek to prevent or treat breast cancer by activation of the immune system to destroy tumor
cells. Ordinarily, the ability of tumor cells to stimulate an immune response is limited, in part, by weak
expression of MHC-antigen complexes and costimulatory signals by antigen presenting cells that stimulate
T-cell activation. Many experimental vaccinesisolate and program dendritic cells (DCs) ex vivo by pulsing
cultured cells with tumor associated antigens to bypass these issues, and introduce the programmed cells
back into the patient where they may home to alymph node, stimulate specific T-cell populations and elicit
anti-tumor responses. While considerable progress has been made, the ex vivo manipulation of cells central
to current approaches imposes alarge economic and regulatory burden, DC modifications may be
dependent on culture conditions and be transient, and the vast majority of transplanted cells die following
transplantation, leading to weak immune responses. This application proposes a new approach to cancer
vaccines, in which host cells are programmed in situ. We specifically propose to develop a material-based
cancer vaccine that spatiotemporally controls the presentation of chemotactic factors and programming
factorsin situ in order to first recruit DCs, and secondly to program these cells with appropriate cues to
elicit an effective antitumor response.

BODY:
Task 1: Developing system for GM-CSF tissue exposureto recruit dendritic cells

GM-CSF was embedded (54% efficiency) into poly(lactide-co-glycolide) (PLG) matrices using a high
pressure, gas foaming process. Matrices were designed to release a pulse of GM-CSF to recruit DCs, and
were loaded with 0, 3000, and 7000 ng of GM-CSF and implanted into the subcutaneous pockets of
C57BL/6J mice. A GM-CSF gradient formed in the surrounding tissue, with concentrations peaking at 12
hours post-implantation as the GM-CSF concentration reached 100 pg/ml and 30 pg/ml (>30 fold
difference over no incorporated GM-CSF) at distances of 1-3mm and 3-5mm, respectively, from the
implant site (Fig. 1). Elevated GM-CSF levels were maintained for extended periods (approximately 10
days). Histological analysisat day 14 post-implantation of PLG matrices loaded with 3000 ng of GM-CSF
revealed enhanced cellular infiltration over blank controls (Fig. 2A), and FACS analysis for the CD11c(+)
DC population showed that GM-CSF delivery recruited significantly more DCs (~8 fold increase) than
blank PLG matrices (Fig. 2B). The matrix-resident DCs were almost exclusively CD11b+ (~87%), in
accordance with other reports of GM-CSF effects on DC development in vivo. The total number of DCs
recruited and their expression of the co-stimulatory molecule CD86 increased with GM-CSF delivery in a
dose dependent manner (Fig. 2D). However, the highest dose (7000 ng) of GM-CSF reduced the number
of activated DCs at the implant site, asindicated by diminished MHCII and CCR7 expression at day 14
post implantation (Fig 2D & Fig. 3). Sincetotal DC recruitment and activation both peaked with the
3000ng dose, this dose was utilized to recruit and generate DCs in subsequent studies. Importantly, GM-
CSF promoted greater cellular penetration into and association with the PLG material, potentially allowing
for the subsequent programming of resident DC precursors and DCs.
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Fig. 1. Thein vivo concentration profiles of GM-CSF in adjacent tissue at distances of 1-3 mm and 3-5 mm
away from the implant site of PLG matrices as a function of time post implantation into subcutaneous
pockets of C57BL/6J mice. Matrices contained initial dosages of 0 (—), 3000 (--o--), and 7000 ng (--®--)

of GM-CSF.

Task 2: Utilizing local CpG presentation to control maturation and lymph node homing of dendritic
cells

Thelocal presentation of danger signalsto regulate the ratio of distinct DC subtypes was next examined, by
modifying PL G matrices to immobilize TL R-activating, PEI-condensed CpG-ODN molecules, and present
them to cell populations recruited by GM-CSF. Stimulation with CpG-ODN alone enriched the PLG
matrix with CD11c(+)PDCA-1(+) pDCs (Fig. 4A), and this was increased with co-administration of GM-
CSF (Fig. 4B). The dose of CpG-ODN presented in combination with 3000ng GM-CSF was altered to
regulate the numbers of resident plasmacytoid dendritic cells (pDCs), which increased from 190,000, to
520,000, and to 1,200,000 cells at doses of 0, 10 and 100 g of CpG-ODN, respectively (Fig. 4B). Co-
presentation of CpG-ODN had little effect on the ability of GM-CSF to enhance CD11c+CD11b+ cDCs
(Fig. 4C). High doses of CpG-ODN promoted the local production of IFN-a (~1010 pg/ml) and IFN-y
(~600 pg/ml), independently of the presence of GM-CSF (Fig. 4E & 4F). These results indicate that
controlled GM-CSF and CpG-ODN danger signaling from synthetic extra-cellular matrices cooperate to
regulate resident pDC and CD11¢(+)CD11b(+) cDC numbers, along with the production of protective
cytokines commonly linked to Thl and cytotoxic T lymphocyte immunity.

Task 3: Immunologic response to neu antigen and over-expressing tumors
No progress to date.
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Fig. 2 GM-CSF delivery from PLG matrices promotes CD11b+ DC recruitment and activation. (A) H&E
staining of sectioned PLG scaffolds explanted from subcutaneous pockets in the backs of C57BL/6J mice
after 14 days: Blank scaffolds (BLANK), and GM-CSF (3000 ng) loaded scaffolds (GM-CSF). (B) The
number of CD11c(+) DCsisolated from PLG scaffolds at day 14 after implantation in response to doses of
0, 1000, 3000 and 7000 ng of GM-CSF. (C) FACS plots of cellsisolated from explanted scaffolds and
stained for CD11c and CD11b. Cells were isolated from PL G matrices incorporating 3,000ng of GM-CSF
at day 10 post-implantation. Numbersin FACS plots indicate the percentage of the cell population positive
for CD11c and CD11b or for both markers. (D) The number of CD11¢(+)CD86(+), CD11c(+)CCR7(+),
and Cd11c(+)MHCII(+) DCsisolated from PLG scaffolds at day 14 after implantation in response to doses
of 0, 400, 3000 and 7000 ng of GM-CSF. Valuesin B and D represent mean and standard deviation (n=4
or 5). * P<0.05 ** P<0.01 as compared to blank matrices unless otherwise noted.
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Fig. 3. FACS plots of cellsisolated from explanted scaffolds and stained for the DC marker, CD11c and for
activation markers MHCII and CCR?7. Cells were isolated from Blank PLG matrices or matrices
incorporating either 3 or 7 pg of GM-CSF at day 14 post-implantation. Numbersin FACS plots indicate the
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Figure 4. CpG-ODN and GM-CSF delivery from PLG matrices promotes plasmacytoid DC generation
and the production of anti-tumor cytokines. (A) FACS plots of cellsisolated from explanted scaffolds and
stained for the plasmacytoid DC markers, CD11c and PDCA-1. Cells were isolated from PLG matrices
incorporating 0, 1, 10, and 100 pg of CpG-ODN at day 10 post-implantation. Numbersin FACS plots



indicate the percentage of the cell population positive for CD11c only or for both markers. The number of
(B) plasmacytoid DCs, and (C) CD11¢c(+)CD11b(+) cDCs at day 10 post-implantation in blank scaffolds
(Blank) or in response to doses of 100 pg (100) of CpG-ODN or 3000ng GM-CSF aone (GM) or GM-CSF
in combination with 1 (1+GM), 10 (10+GM), or 100 pg (100+GM) of CpG-ODN. Thein vivo
concentrations of (D) IFN-a.,, and (E) IFN-y at Day 10 post implantation at the implant site of blank PLG
matrices (Blank), or matrices |oaded with 3000ng GM-CSF alone (GM) or 10ug or 100ug (100) of CpG-
ODN alone or GM-CSF in combination with 10 (10+GM), or100 pg (100+GM) of CpG-ODN. Valuesin
B-E represent mean and standard deviation (n=4 or 5). * P<0.05 ** P<0.01 as compared to blank matrices
unless otherwise noted.

KEY RESEARCH ACCOMPLISHMENTS:

»  Demonstrated sustained and localized release of GM-CSF from polymers can recruit large
numbers of dendritic cells.

* Local presentation of CpG in concert with GM-CSF alows one to control the types and nhumbers
of dendritic cells at the vaccine site.

REPORTABLE OUTCOMES:

* Ali O, Emerich D, Dranoff G, Mooney DJ. In situ regulation of DC subsetsand T cells mediates
tumor regression in mice. Sci Transl M ed. 2009 Nov; 1(8): 8ral9
e Omar Ali hired by InCytu Inc (start-up company) based on the research experience he obtained
while working on this project
CONCLUSION:

The results to date indicate that material systems can recruit and activate large numbers of dendritic cells,
and generate the types of dendritic cells and microenvironment consistent with generation of a destructive
immune response. This suggests one may be able to bypass ex vivo cell manipulation, and directly
program dendritic cells already existing in the body to generate an immune response to cancer. These are
exciting findings, and support the premise underlying this project.
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RESEARCH ARTICLE

CANCER IMMUNOTHERAPY

In Situ Regulation of DC Subsets and T Cells Mediates
Tumor Regression in Mice

Omar A. Ali,""** Dwaine Emerich,? Glenn Dranoff,** David J. Mooney"3*
(Published 25 November 2009; Volume 1 Issue 8 8ra19)

Vaccines are largely ineffective for patients with established cancer, as advanced disease requires potent and
sustained activation of CD8" cytotoxic T lymphocytes (CTLs) to kill tumor cells and clear the disease. Recent studies
have found that subsets of dendritic cells (DCs) specialize in antigen cross-presentation and in the production of
cytokines, which regulate both CTLs and T regulatory (Treg) cells that shut down effector T cell responses. Here,
we addressed the hypothesis that coordinated regulation of a DC network, and plasmacytoid DCs (pDCs) and CD8*
DCs in particular, could enhance host immunity in mice. We used functionalized biomaterials incorporating
various combinations of an inflammatory cytokine, immune danger signal, and tumor lysates to control the
activation and localization of host DC populations in situ. The numbers of pDCs and CD8" DCs, and the endogenous
production of interleukin-12, all correlated strongly with the magnitude of protective antitumor immunity and the
generation of potent CD8" CTLs. Vaccination by this method maintained local and systemic CTL responses for
extended periods while inhibiting FoxP3 Treg activity during antigen clearance, resulting in complete regression
of distant and established melanoma tumors. The efficacy of this vaccine as a monotherapy against large invasive
tumors may be a result of the local activity of pDCs and CD8" DCs induced by persistent danger and antigen
signaling at the vaccine site. These results indicate that a critical pattern of DC subsets correlates with the evo-

lution of therapeutic antitumor responses and provide a template for future vaccine design.

INTRODUCTION

Dendritic cells (DCs) are promising effectors of immunotherapy as they
are essential for initiating and regulating T cell immunity. The interac-
tion between DCs and pathogens can lead to antigen capture and pro-
cessing by DCs. Pathogen-associated molecular patterns, including
lipopolysaccharides and cytosine-guanosine (CpG)-rich sequences
in pathogenic DNA, activate DCs via ligation of particular Toll-like
receptors (TLRs), which stimulate DC expression of specific costimu-
latory molecules and cytokines capable of propagating the appropri-
ate T cell response. Activated DCs migrate to lymphoid tissues where
they present pathogenic antigens and stimulatory molecules to naive
T cells, leading to T cell activation, expansion, and specific responses.

Chronic exposure to tumor antigens with inappropriate costimula-
tion and immunomodulation by T regulatory (Treg) cells allows solid
tumors to develop by dysregulating DC activity and the cytotoxic T
lymphocyte (CTL) responses required to kill tumor cells (I, 2). Cancer
vaccines are frequently developed with easily accessible, patient-
derived blood monocytes that are transformed into DCs ex vivo with
cytokine mixtures and pulsed with tumor antigens to promote antigen
presentation (3-5). These antigen-loaded DCs are then infused back
into cancer patients with the goal of inducing antitumor immune re-
sponses mediated primarily by T helper 1 (Ty1) cells and CTLs (3-5).
Although clinical trials using such ex vivo DC vaccines in patients
with advanced cancer have resulted in antigen-specific T cell expan-

'School of Engineering and Applied Sciences, 29 Oxford Street, 319 Pierce Hall,
Harvard University, Cambridge, MA 02138, USA. “InCytu Inc, 701 George Washington
Highway, Lincoln, RI 02865, USA. *Wyss Institute for Biologically Inspired Engineering,
Cambridge, MA 02138, USA. “Department of Medical Oncology and Cancer Vaccine
Center, Dana-Farber Cancer Institute, Boston, MA 02115, USA. *Department of Medicine,
Brigham and Women's Hospital and Harvard Medical School, Boston, MA 02115, USA.
*To whom correspondence should be addressed. E-mail: mooneyd@seas.harvard.edu

sion and the production of protective cytokines in vivo (2-6), many
vaccines do not increase patients’ survival over traditional treatments
(for example, chemotherapy) (2) and have failed to consistently cause
the regression of solid tumors (I1-4). In both murine models and hu-
mans, these strategies are likely unable to generate the necessary
numbers of functional CD8* CTLs for the duration required to induce
regression of solid invasive tumors in both mice and humans. Instead,
they may amplify defective CTLs that never become fully functional
effectors at the tumor site because of high local concentrations of im-
munosuppressive cytokines [for example, transforming growth factor-§
(TGF-B) and interleukin-10 (IL-10)] and Treg cells, which dampen
immune responses (I, 2).

Hematopoietic precursor cells of both the myeloid and lymphoid
lineage have the capacity to differentiate into two main categories of
DCs: conventional DCs (cDCs) and plasmacytoid DCs (pDCs) (7-9).
Effective cancer vaccines may require both types of DCs, as each is
equipped with a specific defense mechanism in response to invading
pathogens. cDCs include CD11¢"CD11b" and CD11¢"CD8" cells and
exhibit classic DC morphology, protruding dendrites that make these
cells especially adept at antigen processing and antigen presentation to
T cells (7-9). Plasmacytoid DCs exhibit a spherical morphology (7)
and can produce large amounts of type 1 interferons (IFNs) in re-
sponse to “danger signals,” such as unmethylated CpG dinucleotide
sequences found in bacterial or viral DNA (7, 10, 1I). Plasmacytoid
DC-derived type 1 IFNs link innate and adaptive immunity to viral
infection by directly inducing naive T cell differentiation to Ty1 cells
(10-12) and by triggering antigen cross-presentation to CD8" T cells
(13, 14) and IL production (for example, IL-12) by cDCs that facilitate
the clonal expansion of CTLs. The plasticity of hematopoietic precursors
likely allows for the recruitment and generation of the DC population
most proficient at eliciting the appropriate immune response in a par-
ticular situation (7-9, 13). Current vaccines are unable to recapitulate
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ex vivo the development of this broad DC response, which is critical to
the development of potent CTL immune responses (3, 4).

Here, we have hypothesized that one can manipulate the in situ
generation of a heterogeneous DC network capable of CTL induction,
and activate robust CD8" T cell effector responses to established tumors,
by providing a secondary immunostimulatory site of tumor antigen
presentation. Inflammation or infection can produce DC populations
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day 14 after implantation in response to doses of 0, 1000, 3000, and 7000 ng
of GM-CSF. (C) FACS plots of cells isolated from explanted scaffolds and stained
for CD11c and CD11b. Cells were isolated from PLG matrices incorporating
3000 ng of GM-CSF at day 10 after implantation. Numbers in FACS plots in-
dicate the percentage of the cell population positive for CD11c and CD11b or
for both markers. (D to F) Number of CD11¢*CD86" (D), CD11c*CCR7" (E),
and CD11c*MHCII* (F) DCs isolated from PLG scaffolds at day 14 after im-
plantation in response to doses of 0, 400, 3000, and 7000 ng of GM-CSF. Scale
barin (A), 100 um. Values in (B) and (D) to (F) represent mean and SD (n =4 or 5).
*P < 0.05, **P < 0.01 versus blank matrices unless otherwise noted.

that are not found in the steady state (15), which suggests that stimuli
in tissue microenvironments provoke a response from the network of
DCs. The cytokine granulocyte-macrophage colony-stimulating factor
(GM-CSF) is present at increased concentrations during inflammation
(16, 17), which may cause the recruitment of both monocytes and DCs
while inducing local monocytes to differentiate into DCs (15, 17-19).
Recently, we described the development of implantable synthetic poly-
mer matrices that spatially and temporally control the in vivo presen-
tation of cytokines, tumor antigens, and danger signals (20). GM-CSF is
released from these polylactide-co-glycolide (PLG) [a Food and Drug
Administration (FDA)-approved biomaterial] matrices into the sur-
rounding tissue to recruit DC precursors and DCs. CpG-rich oligo-
nucleotides are immobilized on the matrices as danger signals, and
antigen (tumor lysates) is released to matrix-resident DCs to program
DC development and maturation. These matrices quantitatively regu-
late DC activation and trafficking in situ and induce prophylactic im-
munity against inoculations of murine B16-F10 melanoma cells (14).
Here, we have investigated the ability of this system to control the re-
cruitment and activation of multiple DC and T cell subsets and to pro-
vide therapeutic vaccination against established tumors.

RESULTS

Local GM-CSF delivery promotes recruitment of CD11b* DCs
As described previously (20), macroporous PLG matrices were fab-
ricated for GM-CSF release to recruit DCs and with an intercon-
nected porous structure that allows for cell infiltration (10). Matrices
were loaded with 0, 3000, and 7000 ng of GM-CSF and implanted into
the subcutaneous pockets of C57BL/6] mice. Histological analysis at
day 14 after implantation of PLG matrices loaded with 3000 ng of
GM-CSF revealed enhanced cellular infiltration when compared to
blank controls (Fig. 1A). Fluorescence-activated cell sorting (FACS)
analysis for CD11c" DCs showed that GM-CSF delivery recruited sig-
nificantly more DCs (a factor of ~8 increase) than blank PLG matrices
(Fig. 1B). The matrix-resident DCs were almost exclusively CD11b"
(~87%) (Fig. 1C), in accordance with other studies of GM-CSF effects
on DC recruitment in vivo (21, 22). The total number of DCs recruited
and their expression of the costimulatory molecule CD86 increased with
GM-CSF delivery in a dose-dependent manner (Fig. 1D). However,
the highest dose (7000 ng) of GM-CSF reduced the number of acti-
vated DCs at the implant site, as indicated by diminished major histo-
compatibility complex class II (MHCII) and CCR7 expression at day
14 after implantation (Fig. 1, E and F, and fig. S1). Because total DC
recruitment and activation both peaked at 3000 ng of GM-CSF, this
dose was used to recruit and generate DCs in subsequent studies. GM-
CSF delivery promoted greater cellular penetration into and association
with the PLG material, as indicated by histological analysis (Fig. 1A) and
measurement of DC numbers (Fig. 1, B and D), potentially allowing
for the subsequent programming of resident DC precursors and DCs.

In situ delivery of CpG-oligodeoxynucleotide promotes

pDC recruitment and IFN production

The ability of local presentation of danger signals to regulate the ratio of
distinct DC subtypes was next examined by immobilizing TLR-activating,
polyethylenimine (PEI)-condensed CpG-oligodeoxynucleotide (ODN)
molecules into the matrices. As described previously for plasmid DNA
(20), condensation of oligonucleotides with the polycationic polymer
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Fig. 2. CpG-ODN and GM-CSF delivery from PLG matrices promotes pDC
generation and the production of antitumor cytokines. (A) FACS plots of cells
isolated from explanted scaffolds and stained for the pDC markers CD11c and
PDCA-1. Cells were isolated from PLG matrices incorporating 0, 1, 10, and 100
ug of CpG-ODN at day 10 after implantation. Numbers in FACS plots indicate
the percentage of the cell population positive for CD11c only or for both mark-
ers. (B and C) The humber of pDCs (B) and CD11¢"CD11b* ¢DCs (C) at day 10
after implantation in blank scaffolds (Blank) or in response to doses of 100 ug
(100) of CpG-ODN or 3000 ng of GM-CSF alone (GM) or GM-CSF in combination
with 1 ug (1+GM), 10 ug (10+GM), or 100 ug (100+GM) of CpG-ODN. (D and E)
The in vivo concentrations of IFN-o, (D) and IFN-y (E) at day 10 after implan-
tation at the implant site of blank PLG matrices (Blank) or matrices loaded
with 3000 ng of GM-CSF alone (GM) or 10 pg or 100 ug (100) of CpG-ODN
alone or GM-CSF in combination with 10 ug (10+GM) or 100 ug (100+GM) of
CpG-ODN. Values in (B) to (E) represent mean and SD (n = 4 or 5). *P < 0.05,
**P < 0.01 as compared to blank matrices unless otherwise noted.

PEI results in positively charged particles that bind electrostatically to
the anionic PLG matrix. PLG matrices incorporating CpG-ODN alone
recruited CD11c¢"PDCA-1" pDCs to the PLG matrix (Fig. 2A), and this
effect was enhanced with coadministration of GM-CSF (Fig. 2B). We
altered the dose of CpG-ODN presented in combination with 3000 ng
of GM-CSF to regulate the numbers of resident pDCs, resulting in
190,000, 520,000, and 1,200,000 cells at doses of 0, 10, and 100 pg
of CpG-ODN, respectively (Fig. 2B). Copresentation of CpG-ODN had
little effect on the ability of GM-CSF to enhance CD11¢"CD11b" ¢cDCs
(Fig. 2C). High doses of CpG-ODN promoted the local production of
IEN-0, (~1010 pg/ml) and IFN-y (~600 pg/ml) particularly in the pres-
ence of GM-CSF (Fig. 2, D and E). These results indicate that controlled
GM-CSF and CpG-ODN danger signaling from synthetic extracellular
matrices cooperates to regulate resident pDC and CD11c"CD11b* ¢DC
numbers, along with the production of protective cytokines commonly
linked to Tyl and CTL immunity.

Tumor lysate co-delivery with CpG-ODN and GM-CSF
stimulates CD8" DC generation and IL-12 production

We then hypothesized that copresenting cancer antigens with CpG-
ODNss to matrix-resident DCs would promote further DC development,
activation, and CTL antigen sensitization. In this context, necrotic tumor
cells may be particularly immunostimulatory, as they release a variety
of endogenous mediators (for example, heat shock proteins and dam-
aged nucleic acids) that trigger innate immune recognition (23). Thus,
freeze-thaw lysates of B16 melanomas were prepared, and antigen-
presenting matrices were fabricated by encapsulating these lysates into
the PLG material, resulting in localized and sustained antigen presen-
tation to the infiltrating cell population (20). These antigen-presenting
matrices unexpectedly stimulated CD8" DC generation in situ (Fig. 3A).
On viral invasion, CD8"CD11c" cDCs are especially efficient at cross-
presenting exogenous antigen on MHCI molecules (13, 14, 24-26) and
at producing the Ty1-promoting cytokine IL-12 (13, 27-30), which are
two mechanisms that aid in priming CTL immunity to viruses and
tumors. This activity, however, is normally associated with lymphoid
tissues (7, 9, 14, 24-26). Copresentation of tumor lysates with CpG-
ODN led to the presence of 200,000 CD8" DCs, which increased to
~670,000 (a factor of 9 increase over blank matrices) when GM-CSF
was added to stimulate recruitment (Fig. 3B). Additionally, tumor lysate
in combination with GM-CSF and CpG enhanced the numbers of re-
cruited pDCs at day 10 after implantation by a factor of 2 over matrices
without lysate and by a factor of 10 over blank controls (Fig. 3C). No
significant difference in pDC numbers was observed with tumor lysate in
combination with only GM-CSF or CpG signaling. The CD11¢'CD11b"
DC population at the vaccine site depended mainly on GM-CSF (Fig.
3D), as tumor lysate or CpG signaling alone or in combination had
no significant effect on the recruitment and expansion of these DCs
(Fig. 3D).

It is interesting that the in situ production of the T cell growth
factor IL-12 at matrices that deliver both tumor lysate and CpG-ODN
to cell populations recruited by GM-CSF was about four times that of
blank matrices and at least twice that of all other matrix formulations
(Fig. 3E). However, tumor lysates in the matrix did not increase the
high concentrations of IFN-o and IFN-y induced by CpG-ODN and
GM-CSF (Fig. 3, F and G). These results suggest that the engineered
matrices manipulated both the number and the function of specific
DC subsets, as well as the accompanying CTL-polarizing activity.
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PLG matrices co-delivering GM-CSF, CpG-ODN, and tumor

lysates stimulate potent local and systemic CD8* cytotoxic T cells
To elucidate the adaptive immune mechanisms induced by PLG
vaccines that deliver tumor lysate, GM-CSF, and CpG-ODN, we
examined the activity of both local and systemic CTLs. Flow cyto-
metric analysis of cells infiltrating the vaccine site revealed a signif-
icant CD3"CD8" T cell response by day 5 (representative sample:
~1.9 x10 ° cells), which peaked at day 12 when a relatively large
proportion of the matrix-resident cells were CTLs (representative
sample: 8.5% of cells; ~8.5 x10 > cells) (Fig. 4A). Local CD8" T cell
numbers dropped sharply by day 16 and were negligible at day 21
(Fig. 4B) likely because of antigen clearance. PLG vaccines con-
taining tumor lysates, GM-CSF, and CpG-ODN preferentially tuned
and promoted CD8" cytotoxic immune responses relative to other
matrix formulations devoid of CpG (Fig. 4C). Further, the activation
and persistence of systemic CTL responses was monitored by stain-
ing splenocytes with MHCI-tyrosinase-related protein 2 (TRP2)
peptide pentamers to identify CTLs with specificity to TRP2, which
is a major antigenic target of melanoma vaccines in mice and hu-
mans. A significant expansion of TRP2-specific CTLs was observed
in the spleens of vaccinated mice by day 5, which continued and peaked
between days 7 and 16 before falling at days 21 to 28 (Fig. 4, D and E),

Fig. 3. Tumor lysate, CpG-ODN, and GM-
CSF co-delivery from PLG matrices stim-

Blank

indicating that systemic antimelanoma responses were being gener-
ated and sustained for extended periods.

Tumor protection induced by PLG matrices correlates
with DC subsets and IL-12 production

It was previously demonstrated that this system is capable of gener-
ating prophylactic immunity against poorly immunogenic B16-F10
melanoma (20). The relation of this antitumor efficacy to the spe-
cific DC networks invoked by various vaccine formulations was in-
vestigated. C57BL/6] mice were vaccinated with PLG-based matrices
incorporating B16 tumor lysates, GM-CSF, and CpG-ODN in vary-
ing combinations and then challenged with live B16-F10 melanoma
tumor cells at day 14 after vaccination. PLG vaccines with both B16-
F10 tumor lysates and 1, 10, 50, or 100 pg of CpG-ODN danger sig-
naling allowed 10 to 30% of the vaccinated mice to survive, tumor-
free (Fig. 5A), after an otherwise lethal cell challenge, whereas 100%
of unvaccinated mice were killed by day 23 due to tumor burden.
When GM-CSF-mediated DC recruitment was combined with ly-
sate and CpG-ODN delivery, the mice showed significant protec-
tion from tumor-induced lethality. CpG-ODN doses of 10, 50, and
100 g resulted in 50%, 60%, and 90% survival rates, respectively
(Fig. 5B).
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The ability of vaccine systems to create a heterogeneous DC
population correlated with the marked increase in antitumor effi-
cacy. In comparison to antigen matrices delivering GM-CSF alone,
the antigen-loaded matrices delivering CpG and GM-CSF together
resulted in a higher proportion of pDCs (~31% versus 7%) and CD8"
cDCs (~14% versus 5.5%) (Fig. 5C), which correlated with a signif-
icant enhancement in mouse survival (90% versus 20%), although
total DC numbers in situ were statistically similar (3.0 + 0.6 versus
4.2 + 0.9 million DCs; two-tailed Student’s ¢ test, n = 5). Survival
rates were proportional to the number of pDCs and CD8" cDCs, but
not CD11b" DCs, generated at the PLG vaccine site at day 10 (Fig. 5,
D to F). Additionally, the endogenous production of IL-12 was corre-
lated with animal survival (Fig. 5G), suggesting the importance of
cross-presentation and Ty1-promoting cytokines to vaccine efficacy.

Engineered PLG matrices incorporating CpG-ODN
attenuate immune regulation by FoxP3* Treg number

and immunosuppressive cytokines

Although several vaccines designed to program DCs either ex vivo
or in situ have achieved significant and long-term prophylactic
protection in mouse models of cancer (1, 4, 15), eradication of
invasive and well-established tumors has not been achieved without
adoptive T cell transfer or systemic therapies (I, 2, 31, 32). This
limitation might reflect, at least in part, the ability of DC-based vac-
cines to stimulate Treg cells (33, 34) that attenuate the cytotoxic ac-
tivity of adaptive immune responses. Thus, we characterized the

Fig. 4. Tumor lysate, CpG-ODN, and GM-

CSF co-delivery in PLG matrices stimulates Day1

impact of the engineered matrices on the induction of immunosup-
pressive pathways. Monitoring CD4" T cell responses to antigen-
presenting matrices with GM-CSF and CpG revealed peak activity
at days 5 and 7, which decreased to negligible concentrations by
day 12 after implantation (Fig. 6A). In contrast, matrices contain-
ing GM-CSF and tumor lysate led to a significant enhancement of
CD4" T cell infiltration at day 12 (Fig. 6B), and these cells likely con-
tribute to regulation of CTL responses. Incorporation of GM-CSF and
tumor lysate into the vaccine matrix led to a factor of 10 increase in
TGF-B concentrations (Fig. 6C) and a significant increase in IL-10
(Fig. 6D) at the vaccine site; these are cytokines commonly associated
with Treg activity and immunosuppression. Further, as observed pre-
viously in GM-CSF-based vaccines (33, 34), GM-CSF cosignaling with
tumor antigens resulted in a significant CD3"FoxP3" response at the
vaccine site (Fig. 6, E and F) when compared to all other matrix for-
mulations, resulting in an almost even ratio of CD8" effectors and
FoxP3 Treg cells (Fig. 6G). CpG-ODN presentation in concert with
both tumor lysate and GM-CSF counteracted these immunosup-
pressive mechanisms, as TGF-B and IL-10 concentrations and Treg
activity were not enhanced over the control matrices, and CD8" CTLs
outnumbered FoxP3" T cells by a factor of ~25 at day 12 after im-
plantation (Fig. 6, C to G). Altogether, these findings suggest that this
vaccine system is able to promote and extend CTL responses likely
through naive T cell differentiation induced by pDCs and CD8"
DCs, the corresponding production of type 1 IFNs and IL-12, and in-
hibition of negative feedback mechanisms.
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Engineered PLG matrices cause regression of

established melanoma

Because a high ratio of CD8" T cell effectors to FoxP3" Treg cells
has been linked to therapeutic tumor immunity in murine and hu-
man systems (33, 35), we tested the activity of PLG vaccines against
B16-F10 tumors that had been established for 9 days (inoculation
of 5 x 10° cells at day 0). Tumor-bearing mice implanted with
blank PLG matrices displayed rapid tumor growth and were killed
by day 24, as expected (Fig. 7A). Vaccination of mice once with the
PLG vaccine significantly decreased the rate of tumor progression
(Fig. 7A), and an increase in mean survival time over controls was
observed, but all animals required euthanization by day 58, de-
pending on the tumor size at the time of vaccination (Fig. 7B). Vac-
cination of mice twice (days 9 and 19) with PLG vaccines had a
more dramatic effect on tumor progression and caused complete
regression of tumors in a subset (7 of 15) of the animals (Fig. 7C).
In contrast, a single treatment with irradiated, GM-CSF-secreting
B16-F10 cells, a widely used cell therapy now in clinical trials, atten-
uated tumor progression modestly, and all animals had to be killed
by day 36 (Fig. 7A). Tumor antigen presentation from PLG matrices
enhanced protection and was required to induce tumor regression,

as matrices with GM-CSF and CpG did not enhance survival times
significantly (Fig. 7, A and B). Strikingly, 47% of the mice (animals
bearing day 9 tumors) vaccinated twice with PLG vaccines survived
long-term and free of detectable tumors; this treatment regimen
was able to completely eradicate tumors of up to 25 mm? in size
(Fig. 7C).

To test whether PLG vaccines could be effective against an even
greater tumor burden, we established melanoma tumors for 13
days and then vaccinated the mice. One-time (day 13) and two-
time (days 13 and 23) vaccination decreased tumor progression
(Fig. 7D). Two-time vaccination doubled the mean survival time
and led to complete tumor regression in 20% of the animals with
advanced solid tumors (day 13 tumors; n = 15) (Fig. 7, D to F).

Because vaccinations were initiated at days 9 and 13 of tumor
growth, and required 5 days for CTL generation, the effector window
for immune responses was small (about 6 to 10 days) before untreated
animals succumbed to tumor burden. Variations in tumor size at the
time of vaccination likely accounted for the lack of complete regres-
sion in all animals; vaccination may not have resulted in generation of
sufficient numbers of killer T cell in time to control and clear larger
tumors. Slight hair loss and depigmentation was observed at the vac-
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cine site, in agreement with the past study using this vaccination sys-
tem (20), but no significant toxicities were observed with vaccination.

DISCUSSION

Current approaches to cancer vaccination augment cellular and
humoral antitumor reactions in many patients, but most immu-
nized subjects still succumb to progressive disease, indicating that
vaccine responses are insufficient to effect complete tumor cell
killing (1-4, 36). Nonetheless, the abilities of blocking antibodies
to CTL-associated antigen-4 and the adoptive transfer of T cells
in lymphodepleted hosts to accomplish tumor regressions highlight
the potential for immune-mediated destruction of advanced cancer
(35, 37). In this study, we demonstrate that the appropriate regula-
tion of the DC network can induce complete regressions of distant
and established melanomas in mice.

Our engineered PLG vaccine evokes a coordinated response of
multiple DC subtypes, which together trigger sustained and potent
antitumor CD8" CTLs while inhibiting immunoregulatory pathways.

The combination of tumor cell lysates, GM-CSF, and CpG-ODN in
the vaccine matrix was required for optimal tumor protection, which
was strongly associated with the recruitment of pDCs and CD8" DCs
and the local production of IL-12. The accumulation of CD8" DCs at
the vaccine site is a notable feature of this vaccination strategy because
this DC subset is typically localized to secondary lymphoid structures.
Plasmacytoid DC numbers were closely linked with the generation of
type I IFNs, as described in previous studies (10, 21, 38), and these
cells helped to support the activation of CD8" DCs and their cross-
presentation of tumor antigens to Tyl cells and CTLs (7-9, 13, 27).
Further studies will elucidate which of the correlative observations in
this study underlie the superior antitumor effect, as well as the mecha-
nisms by which the vaccine may modulate other components of the
immune system [for example, myeloid-derived suppressor cells that
suppress GM-CSF-based vaccines (39)]. However, many cancer vaccina-
tion strategies use GM-CSF-stimulated monocyte-derived ¢cDCs (3-5)
as immunogens, and our experiments indicate that the presence of a
broader set of DC subtypes may evoke more potent antitumor responses.

Our findings also suggest that a minimum number of DCs may be
required to induce high concentrations of protective immunity. Vaccines
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Fig. 6. Engineered PLG matrices attenuate FoxP3* Treg cells and immuno-
suppressive cytokines. (A) Total number of CD3"CD4* T cells isolated from
PLG matrices loaded with GM-CSF, CpG-ODN, and tumor lysates as a func-
tion of time after implantation. (B) Number of CD4 T cells at day 12 after
implantation in blank scaffolds (Blank) or in response to lysate alone (Lys)
or in combination with CpG-ODN (CpG+Lys) or GM-CSF (GM+Lys) or both
factors (GM+Lys+CpG). (C and D) The in vivo concentrations of TGF-f (C)
and IL-10 (D) at day 12 after implantation at the implant site of blank
scaffolds (Blank) or scaffolds presenting lysate alone (Lys) or in combi-
nation with CpG-ODN (CpG+Lys) or GM-CSF (GM+Lys) or both factors
(GM+Lys+CpG). (E) FACS plots of cells isolated from explanted scaffolds
and stained for the Treg cell markers CD3 and FoxP3. Cells were isolated
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from PLG matrices incorporating GM-CSF and lysates (GM+Lys) or GM-CSF,
lysates, and CpG-ODN (GM+Lys+CpG) at day 12 after implantation.
Numbers in FACS plots indicate the percentage of the cell population pos-
itive for both markers. (F) Number of FoxP3* Treg cells at day 12 after
implantation in blank scaffolds (Blank) or in response to lysate alone
(Lys) or in combination with CpG-ODN (CpG+Lys) or GM-CSF (GM+Lys)
or both factors (GM+Lys+CpG). (G) Ratio of CD8a* T cells versus FoxP3"
Treg cells residing within PLG scaffolds loaded with GM-CSF and lysates
(GM+Lys) alone or in combination with CpG-ODN (GM+Lys+CpG) at day
12 after implantation. Values in (A), (B), (C), (D), (F), and (G) represent
mean and SD (n =4 or 5). *P < 0.05, **P < 0.01 versus all other experimen-
tal conditions unless otherwise noted.
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Fig. 7. Engineered PLG matrices stimulate the regression of established
melanomas. (A and B) A comparison of the tumor growth (A) and survival
(B) of mice bearing established melanoma tumors (inoculated with 5 x10°
B16-F10 cells and allowed to develop for 9 days) and treated with either
blank PLG matrices (Blank) or matrices loaded with 3000 ng of GM-CSF and
100 pg of CpG-ODN (GM+CpG). Mice were also treated once (Vax, 1x; at day 9)
or twice (Vax, 2x; at days 9 and 19) with PLG matrices incorporating GM-CSF,
CpG-ODN, and tumor lysates (Vax). Mice were also vaccinated with 5 x 10°
irradiated, GM-CSF-transduced B16-F10 cells. (C) Individual tumor growth
curves for each mouse surviving tumor challenge (5 x 10° cells) after a two-time
treatment with PLG vaccines at days 9 and 19. (D and E) A comparison of the
tumor growth (D) and survival (E) of mice bearing established melanoma tu-
mors (inoculated with 5 x 10° B16-F10 cells and allowed to develop for 13 days)
and treated with either blank PLG matrices (Blank) or once with PLG vaccines
(Vax, 1x; at day 13) or twice (Vax, 2x; at days 13 and 23). (F) Individual tumor
growth curves for each mouse surviving tumor challenge (5 x 10° cells) after a
two-time treatment with PLG vaccines at days 13 and 23. Values in (A) and (D)
[(A) to (F); n = 15 per condition] represent mean and SEM.

that generated about 1,200,000 pDCs and 600,000 CD8" DCs (~43% of
total DCs) in a total population of ~4.2 million DCs resulted in 90%
survival in a subsequent tumor challenge. The engineered matrices ap-
pear to program T cell responses efficiently by providing a site of sus-
tained immunostimulatory tumor antigen presentation, which evokes
robust CTLs, both locally and systemically, and attenuates immune reg-
ulation mediated through TGF-B, IL-10, and FoxP3" Treg cells. The
kinetics of the adaptive immune response to our system suggest that
CTLs manifested potent effector function, as vaccination resulted in a
prototypical activation phase that gradually plateaued, followed by a
contraction phase as antigen was cleared. Other vaccine formulations
achieve only short-lived stimulation with infusions of protein or manipu-
lated cells and may not trigger this T effector profile but instead induce
at least partially dysfunctional T cells that are more likely to undergo ex-
haustion within the immunosuppressive tumor microenvironment (1-4).
Together, our results highlight a critical array of DC subtypes that
are generated during the evolution of therapeutic antitumor responses
in mice, which may provide a template for rational vaccine design
more generally. Indeed, the vaccine system reported here might be
adapted to modulate DC and CTL responses for the control of other
solid cancers and perhaps chronic infections. Our approach might also
facilitate the study of DC subset development and the mechanisms
through which these subsets are coordinated in vivo for the eradica-
tion of established diseases. It is striking that tumor regression induced
by these PLG vaccines outperformed gene-modified tumor cell vac-
cines in direct comparison and outperformed ex vivo DC vaccines re-
ported in literature (I, 2, 4). This acellular biomaterial system was
designed with components that either are FDA approved (PLG and
GM-CSF) or have been used clinically (CpG-ODN) and do not re-
quire the maintenance and modification of live cell cultures. Together,
these features suggest that this PLG system may have considerable
advantages in terms of clinical application relative to other approaches
reported to date. Scaling to humans will likely not require significant
modification of the size or structure of the material but will require
using effective human analogs (for example, human GM-CSF and
CpG-ODN sequences) that evoke human DC and CTL responses. It
is not clear whether the current combination of GM-CSF, CpG-
ODN, and tumor antigen is the optimal formulation, and other dosing
regimens or alternative TLR agonists or cytokines should be tested.

METHODS

Matrix fabrication

An 85:15, 120-kD copolymer of p,i-lactide and glycolide (PLG)
(Alkermes) was used in a gas-foaming process to form porous
PLG matrices (40). In brief, PLG microspheres encapsulating GM-
CSF were first made with standard double emulsion (41). PLG micro-
spheres were then mixed with 150 mg of the porogen, sucrose (sieved
to a particle size between 250 and 425 um), and compression molded.
The resulting disc was allowed to equilibrate within a high-pressure
CO, environment, and a rapid reduction in pressure causes the poly-
mer particles to expand and fuse into an interconnected structure (40).
The sucrose was leached from the scaffolds by immersion in water,
yielding scaffolds that were 90% porous. To incorporate tumor lysates
into PLG scaffolds, we digested the biopsies of B16-F10 tumors that had
grown subcutaneously in the backs of C57BL/6] mice (Jackson Labo-
ratory) in collagenase (250 U/ml) (Worthington) and suspended at a
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concentration equivalent to 10” cells per milliliter after filtration through
40-um cell strainers. The tumor cell suspension was subjected to four
cycles of rapid freeze in liquid nitrogen and thaw (37°C) and then
centrifuged at 400 rpm for 10 min. The supernatant (1 ml) containing
tumor lysates was collected, incubated with the PLG microspheres, and
lyophilized, and the resulting mixture was used in the high-pressure
CO, process to foam macroporous PLG matrices incorporating tumor
lysates. To incorporate CpG-ODNs into PLG scaffolds, we first con-
densed CpG-ODN 1826, 5'-tccatgacgttcctgacgtt-3’ (Invivogen), with
PEI (M, ~60,000) molecules by dropping ODN 1826 solutions into
PEI solution while vortexing the mixture (20, 42). The charge ratio be-
tween PEI and CpG-ODN (NH,":PO,") was kept constant at 7 during
condensation. PEI-CpG-ODN condensate solutions were then vortexed
with 60 pl of 50% (w/v) sucrose solution, lyophilized, and mixed with
dry sucrose to a final weight of 150 mg. The sucrose containing PEI-
CpG-ODN condensate was then mixed with blank, GM-CSF, and/or
tumor lysate-loaded PLG microspheres to make PLG cancer vaccines.

In situ identification of DC subsets and T cells

Blank PLG matrices and matrices containing 3000 ng of GM-CSF
alone or in combination with 1, 10, 50, or 100 pg of CpG-ODN
(studies were also performed with tumor lysates copresented with
either 3000 ng of GM-CSF or 100 ug of CpG-ODN alone or in
combination) were implanted into subcutaneous pockets on the
back of 7- to 9-week-old male C57BL/6] mice. For histological exam-
ination, scaffolds were excised and fixed in Z-fix solution (Anatech),
embedded in paraffin, and stained with hematoxylin and eosin (H&E).
To analyze DC recruitment, we excised scaffolds at various time points
and digested the ingrown tissue into single-cell suspensions with a col-
lagenase solution (250 U/ml; Worthington) that was agitated at 37°C
for 45 min. The cell suspensions were then poured through a 40-um
cell strainer to isolate cells from scaffold particles, and the cells were
pelleted and washed with cold PBS and counted with a Z2 coulter
counter (Beckman Coulter). To assess DC infiltration and activation,
we stained subsets of the total cell population isolated from PLG
matrices with primary antibodies (BD Pharmingen) conjugated to flu-
orescent markers to allow for analysis by flow cytometry. Allophyco-
cyanin (APC)-conjugated CD11c (DC marker) and phycoerythrin
(PE)-conjugated CD86 (B7, costimulatory molecule) stains were con-
ducted for DC recruitment analysis, and APC-conjugated CD11c, flu-
orescein isothiocyanate (FITC)-conjugated CCR7, and PE-conjugated
MHCII stains were conducted for DC programming analysis. To fur-
ther delineate the presence of specific DC subsets, we stained cells with
APC-conjugated CD11c and PE-conjugated PDCA-1 (pDC marker),
APC-conjugated CD11c and PE-conjugated CD8 (CD8 DCs), or
APC-conjugated CD11c and FITC-conjugated CD11b (CD11b
DCs). To assess T cell infiltration, we performed PE-Cy7-conjugated
CD3 stains in conjunction with APC-conjugated CD8a (CD8 T cells),
FITC-conjugated CD4 (CD4 T cells), and PE-conjugated FoxP3
(Treg) and analyzed with flow cytometry. Cells were gated according
to positive FITC, APC, and PE with isotype controls, and the percent-
age of cells staining positive for each surface antigen was recorded.

Tumor growth assays, protective cytokines, and TRP2
pentamer analysis

PLG scaffolds with melanoma tumor lysates and various dosages of
GM-CSF and/or various quantities of PEI-CpG-ODN condensates
were implanted subcutaneously into the lower left flank of C57BL/6]

mice. For prophylactic vaccinations, animals were challenged 14 days
later with a subcutaneous injection of 10° B16-F10 melanoma cells
[American Type Culture Collection (ATCC)] in the back of the neck.
Animals were monitored for the onset of tumor growth (~1 mm?)
and killed for humane reasons when tumors grew to 20 to 25 mm
(longest diameter).

To assess PLG vaccine efficacy in the therapeutic setting, we
challenged C57BL/6] mice with a subcutaneous injection of 5x
10° B16-F10 melanoma cells (ATCC) in the back of the neck. At
either day 9 or day 13 after tumor challenge, PLG vaccines loaded with
3000 ng of GM-CSF, 100 pg of CpG-ODN, and tumor lysates were
implanted subcutaneously into the lower left flank of C57BL/6] mice.
A subset of mice was vaccinated again at 10 days after the initial vac-
cination (days 19 and 23).

To determine in vivo IL-12p70, IFN-a, IEN-y, and TGF-B concentra-
tions at the matrix implant site, we excised and digested the adjacent
tissue with tissue protein extraction reagent (Pierce). After centrifuga-
tion, the concentrations of IL-12, IFN-a, IFN-y, and TGF- in the super-
natant were then analyzed with enzyme-linked immunosorbent assay
(R&D Systems) according to the manufacturer’s instructions.

To determine the generation of TRP2-specific CTLs, we prepared
single-cell suspensions from the spleens of mice immunized with PLG
vaccines (lysate + 3000 ng of GM-CSF + 100 pg of CpG) at various
time points. These cells were initially stained with APC-H-2Kb-TRP2
pentamers (Proimmune) and subsequently stained with PE-conjugated
monoclonal antibody to CD8 (BD Pharmingen) before being analyzed
by flow cytometry.

Statistical analysis
All values in the present study were expressed as mean + 1 SD unless
otherwise noted.

The significant differences between the groups were analyzed by
a Student’s t test and a P value of <0.05 was considered significant.

SUPPLEMENTARY MATERIAL

www.sciencetranslationalmedicine.org/cgi/content/full/1/8/8ra19/DC1
Fig. S1. FACS plots of cells isolated from explanted scaffolds and stained for the DC marker
CD11c and for activation markers MHCII and CCR?7.
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